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HIV-1 Nef has the ability to downmodulate CD4 cell surface expression. Several studies have shown that CD4 downregulation is required for
efficient virus replication and high infectivity. However, the pathophysiological relevance of this phenomenon in vivo, independently of its role in
sustaining high virus loads, remains unclear. We studied the impact of the CD4 downregulation function of Nef on its pathogenesis in vivo, in the
absence of viral replication, in the CD4C/HIV transgenic (Tg) mouse model. Two independent Nef mutants (RD35/36AA and D174K), known to
abrogate CD4 downregulation, were tested in Tg mice. Flow cytometry analysis showed that downregulation of murine CD4 was severely
decreased or abrogated on Tg T cells expressing respectively NefRD35/36AA and NefD174K. Similarly, the severe depletion of double-positive
CD4+CD8+ and of single-positive CD4+CD8 thymocytes, usually observed with NefWt, was not detected in NefRD35/36AA and NefD174K Tg
mice. However, both mutant Tg mice showed a partial depletion of peripheral CD4+ T cells. This was accompanied, as previously reported for
NetWt Tg mice, by the presence of an activated/memory-like phenotype (CD69+, CD25+, CD44+, CD45RBLow, CD62Low) of CD4+ T cells
expressing NefRD35/36AA and to a lesser extent NefD174K. In addition, both mutants retained the ability to block CD4+ T cell proliferation in vitro
after anti-CD3 stimulation, but not to enhance apoptosis/death of CD4+ T cells. Therefore, it appears that Nef-mediated CD4 downregulation is
associated with thymic defects, but segregates independently of the activated/memory-like phenotype, of the partial depletion and of the impaired
in vitro proliferation of peripheral CD4+ T cells. Histopathological assessment revealed the total absence of or decrease severity and frequency of
organ AIDS-like diseases (lung, heart and kidney pathologies) in respectively NefRD35/36AA and NefD174K Tg mice, relative to those developing in
NefWt Tg mice. Our data suggest that the RD35/36AA and D174K mutations affect other Nef functions, namely those involved in the
development of lung and kidney diseases, in addition to their known role in CD4 downregulation. Similarly, in HIV-1-infected individuals, loss of
CD4 downregulation by Nef alleles may reflect their lower intrinsic pathogenicity, independently of their effects on virus replication.
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Nef is one of three HIV proteins (with Env and Vpu)
responsible for the downregulation of the CD4 cell surface
expression (reviewed in Piguet et al., 1999; Lama, 2003). Nef
functions early and favors the internalization of CD4
molecules already present on the cell surface (Aiken et al.,0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: Zaher.Hanna@ircm.qc.ca (Z. Hanna).1994; Chen et al., 1996; Rhee and Marsh, 1994; Guy et al.,
1987; Garcia and Miller, 1991; Anderson et al., 1993;
Mariani and Skowronski, 1993). This process involves the
recruitment by Nef of cellular factors, notably the adaptor
protein complexes (AP-1, AP-2 and AP-3) of clathrin-coated
pits (Mangasarian et al., 1999; Foti et al., 1997; Greenberg et
al., 1997; Piguet et al., 1998; Craig et al., 1998) and NBP1, a
protein homologous to the catalytic subunit of a yeast
vacuolar ATPase (Lu et al., 1998). This complex then binds
to a dileucine motif in the cytoplasmic tail of CD4 (Aiken et
al., 1994; Anderson et al., 1994; Craig et al., 1998) and
directs it to lysosomes for degradation through a Nef06) 40 – 52
www.e
Z. Hanna et al. / Virology 346 (2006) 40–52 41dileucine motif acting as a lysosomal targeting signal (Aiken
et al., 1994; Greenberg et al., 1997; Piguet et al., 1998; Craig
et al., 1998; Rhee and Marsh, 1994).
In vitro studies have provided insights into the role of Nef-
mediated CD4 downregulation in HIV-1 viral production and
infectivity (reviewed in Piguet et al., 1999; Lama, 2003).
Downregulation of CD4 expression by Nef was shown to
prevent superinfection and to enhance HIV-1 replication
(reviewed in Cullen, 1994; Guatelli, 1997; Harris, 1999). In
addition, recent findings have shown that the downregulation
of CD4 may have an additional positive effect on HIV
infectivity. These studies showed that increased level of CD4
expression on cell surface interferes with infectivity and viral
particle release (Bour et al., 1999; Lama et al., 1999; Arganaraz
et al., 2003; Lundquist et al., 2004; Ross et al., 1999). Removal
of CD4 cell surface, by nonmembrane-bound and membrane-
bound form (Alexander et al., 2004) of Nef appears to prevent
virion incorporation of CD4 and facilitate the Env incorpora-
tion into HIV-1 or SIV particles, leading to enhancement of
viral infectivity and viral replication, including in PBMC
(Arganaraz et al., 2003; Glushakova et al., 2001; Stoddart et
al., 2003; Lundquist et al., 2002; Patel et al., 2002; Carl et al.,
2001).
Moreover, experiments in vivo have also suggested that
CD4 downregulation may influence HIV and SIV pathogene-
sis. Macaques infected with an SIV strain that contains a
mutation in Nef domains known to disrupt its ability to
downregulate CD4 had strong reduction of viral loads and were
largely protected from disease until these mutations reverted to
restore CD4 downregulation function and pathogenicity
(Iafrate et al., 2000). Also, Nef alleles isolated at later stages
of HIV-1 or SIV infection and progression to AIDS showed
increased ability to downregulate CD4 relative to those isolated
from long-term nonprogressors (LTNP) or early asymptomatic/
slow progressors (Patel et al., 2002; Tobiume et al., 2002;
Arganaraz et al., 2003; Carl et al., 2001; Casartelli et al., 2003;
Mariani et al., 1996).
The above studies strongly argue for the importance of Nef-
mediated CD4 downregulation in facilitating increased release
and spread of HIV in vivo with the consequent establishment of
high virus loads and pathogenicity (Piguet et al., 1999; Lama,
2003; Cullen, 1994; Guatelli, 1997; Harris, 1999). However, a
role of the Nef-mediated CD4 downregulation function on viral
pathogenicity independent of its role on viral replication/
infectivity could not be evaluated in these studies. For example,
such perturbations could include impairment of T cell selection,
of CD4+ helper T cell functions or of T cell receptor (TCR)
signaling. In particular, CD4 downregulation may affect the
transduction of signals produced from engagement of CD4 on
the surface of the infected cells. Indeed, the strength of CD4
contact with a ligand has been shown to be critical for immune
responses, and for T cell differentiation (see for example Frank
and Parnes, 1998).
It is already known from Tg animal models that Nef harbors
major determinants of pathogenicity which are totally inde-
pendent of virus replication (Skowronski et al., 1993; Brady et
al., 1993; Lindemann et al., 1994; Hanna et al., 1998b). Inparticular, our laboratory has shown that Nef can induce a
severe AIDS-like disease when expressed under the control of
the CD4C promoter comprising the regulatory sequences of the
human CD4 gene fused to the murine CD4 enhancer (Hanna et
al., 1998b). Thus, the goal of the present work was to assess
whether CD4 downregulation, known to occur in murine cells
expressing wild-type Nef (NefWt) (Anderson et al., 1993;
Skowronski et al., 1993; Brady et al., 1993; Hanna et al.,
1998b), has a direct impact on Nef pathogenicity independently
from its role in viral replication. Several investigators have
identified multiple Nef residues which are involved in CD4
downregulation: R25, RD35/36, T80, GL96/97, D108, D111,
DW123/124, RY134/135, C142, EE154/155, LL164/165,
DD174/175, RRE179, RF184/185 (Hua and Cullen, 1997;
Hua et al., 1997; Aiken et al., 1996; Iafrate et al., 1997). We
selected two of these mutants (NefRD35/36AA and NefD174K),
impaired in their ability to downregulate CD4, for our in vivo
study. Previous in vitro work with human cells has established
that mutations at residues 35/36 (arginine-aspartic acid) or at
residue 174 (aspartic acid) of Nef selectively abrogated its CD4
downregulation function without affecting its other functions,
such as its ability to block anti-CD3 stimulation, to activate
CD69 expression, to downmodulate MHC class I molecule or to
stimulate virus replication (Aiken et al., 1996; Stoddart et al.,
2003; Iafrate et al., 1997; Lundquist et al., 2002; Mangasarian et
al., 1999) (reviewed in Zuniga et al., 2004). The NefRD35/36AA
and NefD174K mutants were expressed in Tg mice under the
control of the CD4C promoter used before. Our results reveal
that these two mutations have major negative impacts on the in
vivo pathogenicity of Nef in this Tg model.
Results
Generation of CD4C/HIV-Nef mutant Tg mice
To investigate the role CD4 downregulation on HIV-1 Nef-
induced pathogenesis in vivo, we constructed two indepen-
dent Nef transgenes, mutated at amino acid residues that were
previously shown to affect this function in human cells in
vitro (Aiken et al., 1996; Janvier et al., 2001; Stoddart et al.,
2003; Greenberg et al., 1997; Iafrate et al., 1997; Lundquist et
al., 2002; Mangasarian et al., 1999). The arginine/aspartic
acid at position 35/36 and aspartic acid at position 174 of
HIV-1 Nef (strain NL4-3) were mutated by site-directed
mutagenesis to alanines (RD35/36AA) and lysine (D174K),
respectively. These mutated Nef alleles were then recombined
with the CD4C/HIVMutG cassette, replacing the wild-type Nef
(NefWt), to generate the corresponding transgenes, CD4C/
HIV-NefRD35/36AA (NefRD35/36AA) and CD4C/HIV-NefD174K
(NefD174K) (Fig. 1A). The CD4C regulatory elements used in
these constructs have previously been shown to promote
expression of surrogate genes, including HIV-1 Nef, in CD4+
T cells and cells of monocyte/macrophage and dendritic
lineages of Tg mice (Hanna et al., 1994, 1998b, 1998a,
2001a). These cell populations are the major natural target
cells for HIV-1 infection in humans. In these CD4C/HIV-Nef
constructs, all the known open reading frames (ORF) of HIV-
Fig. 1. Construction and expression analysis of the CD4C/HIV-NefMut Tg mouse. (A) Diagram of the CD4C/HIV-NefRD35/36AA and CD4C/HIV-NefD174K
transgenes. Construction of these two transgenes is described in Materials and methods. Symbols: mCD4enh, mouse CD4 enhancer; hCD4 prom, human CD4
promoter; SV40, polyadenylation sequences from SV40; Ex1, CD4 gene exon1; X represents interruption of the ORF of the indicated HIV-1 gene. Restriction sites:
A, AatII; Bs, BssHII; S, SstI. (B) Northern blot analysis of HIV-1 RNA. Various tissues from different founder (F) lines of each of the CD4C/HIV-NefMut transgene
were analyzed. Total RNAs were hybridized with 32P-labeled HIV-1-specific probes. Symbols: T, thymus; S, spleen; L, lymph nodes; K, kidney. (C) Transgene
expression in sorted CD4+ T cells from pLN. Expression was evaluated by RT-PCR. (D) Western blot analysis of protein extracts from thymuses from 1-month-old
Tg and non-Tg littermates from different founders using rabbit anti-Nef antibodies. Thymuses from CD4C/HIVMutG Tg mice (F27367, high expresser and F27372,
low expresser) were used as a positive control.
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1998b). At least two expresser Tg founder (F) lines were
generated for each Nef mutant (NefRD35/36AA: F62327,
F62328; NefD174K: F61270, F81526, F81527). Tg lines were
maintained by breeding on the C3H background.
As expected from our early work (Hanna et al., 1998a,
1998b), Northern blot analysis on tissues from different organs
revealed the presence of the three main HIV-1 RNA transcripts
principally expressed in lymphoid tissues (thymus, spleen and
lymph nodes (LN)) and to a lesser extent in kidney (Fig. 1B)
and lung (data not shown). Expression was not detected in
other organs (liver, heart, brain, skin) (data not shown). The
strength of the RNA signal correlates with the number of target
cells for Nef expression (CD4+ T cells, macrophages, dendritic
cells (DC)) present in each organ, the highest expression being
in the thymus, as expected.
To further confirm expression of mutated Nef in peripheral
CD4+ T cells, Tg RNA levels were measured on pLN sorted
CD4+ T cells (>97% pure) by RT-PCR. This analysis showed
that expression of RNA in NefRD35/36AA and NefD174K Tg LN
CD4+ T cells was comparable to that in NefWt Tg mice (Fig.
1C). Consistent with the Northern blot data, Western immu-
noblot analysis with anti-Nef antiserum detected Nef protein
expression in the same lymphoid tissues (Fig. 1D, data not
shown). Thus, this expression pattern reflects the specificity of
the CD4C promoter previously documented (Hanna et al.,
1994, 1998a, 1998b, 2001a). However, as expected from
previous studies, the level of expression varied among different
Tg founder lines, most likely as a result of difference in the
integration sites of the transgene. We selected Tg lines
expressing the mutated Nef proteins at levels comparable to
wild-type (CD4C/HIV-NefWt) for comparative studies. Mice
from two founder lines of NefRD35/36AA Tg mice expressed the
transgene at levels almost equal to those of NefWt Tg mice,
while mice from the NefD174K Tg lines expressed it at lower
(F81526, F81527) or at significantly higher (5 X) (F61270)
levels than those of NefWt Tg mice (Fig. 1B). Thus, levels of
expression of Nef in different founder lines were: for CD4C/
HIV-NefRD35/36AA, F62328 > F62327; for CD4C/HIV-
NefD174K, F61270 > F81527 > F81526.
Abrogation or development of a milder AIDS-like disease in Tg
mice expressing Nef DR35/36AA or Nef D174K allele
The life span and death of Tg mice expressing NefWt are
largely dependent on the severity of the kidney and lung diseases
(Hanna et al., 1998b). Tg mice expressing NefRD35/36AA or
NefD174K survived in apparent good health during the course of
this study (16 months), in contrast to Tg mice expressing wild-
type Nef (Fig. 2A). The life span of NefRD35/36AA and NefD174K
Tgmice was almost comparable to that of non-Tgmice, as only a
few mortalities occurred in each group.
Further histological evaluation of tissues from both founders
of the NefRD35/36AA Tg mice at different ages (6–14 months
old) showed undistinguishable appearance from that of non-Tg
mice littermates, except for some disorganization of thymuses
(not shown) and follicular hyperplasia in LN in some animals(Fig. 2B). In particular, NefRD35/36AA-expressing Tg mice
showed no obvious depletion of lymphocytes on histological
sections of peripheral LN and spleen, nor any Tg-specific
changes in the lung, heart and kidneys (Fig. 2B, and data not
shown).
However, NefD174K Tg mice from the very high expresser
founder (F61270) showed typical, Tg-specific pathologies
similar to those observed previously in NefWt Tg studies
(Hanna et al., 1998a, 1998b, 2004; Kay et al., 2002).
However, these pathological changes were milder than in
NefWt-expressing mice considering the high levels of
transgene expression in this founder. These include disorga-
nization of thymuses (7/8 Tg and 0/4 non-Tg), changes in
the LN architecture (follicular hyperplasia, involution, fibro-
sis) (3/8 Tg and 0/5 non-Tg), focal segmental glomerulo-
sclerosis (FSGS) and tubulo-interstitial nephritis with
microcystic tubular dilatation in the kidney (5/8 Tg and 0/
9 non-Tg), lymphocytic interstitial pneumonitis (LIP) in the
lungs (2/8 Tg and 0/9 non-Tg) and focal myocytolysis
associated by fibrosis in the heart (1/8 Tg and 0/9 non-Tg)
(Fig. 2B and data not shown). NefD174K Tg mice from the
founder lines F81526 and F81527 also showed some of the
phenotypes at low frequency, despite their low expression:
cardiac disease (3/25 Tg and 1/18 non-Tg), lung disease
(LIP) (2/15 Tg and 1/18 non-Tg), LN changes (11/25 Tg and
3/18 non-Tg) and thymic atrophy (7/23 Tg and 0/12 non-
Tg). A summary of the phenotypes observed in these Tg
mice is shown in Table 1.
These results show that these mutations have not only
disrupted the ability of Nef to downregulate CD4 (see below),
but also had dramatically impaired its capacity to induce a
lethal AIDS-like disease in Tg mice.
Downregulation of murine CD4 cell surface expression is
decreased or abrogated on Tg lymphoid T cells expressing
Nef RD35/36AA or Nef D174K
We previously showed that NefWt is quite effective at
downregulating the cell surface expression of murine CD4 on T
cells of Tg mice (Hanna et al., 1998a, 1998b). To examine the
capacity of NefD174K and NefRD35/36AA alleles at downregulat-
ing the murine CD4 cell surface expression, a FACS analysis
was carried out on thymocytes and on cells from peripheral
lymphoid organs (spleen, LN). This analysis showed that the
mean fluorescence intensity of CD4 expression was not
decreased on NefD174K-expressing thymocytes (Fig. 3A, Table
2) and on cells of peripheral lymphoid organs (Fig. 3B, Table
3) and was comparable to that of non-Tg mice. In CD4C/HIV-
NefRD35/36AA Tg mice, a minor (12–22%) CD4 downregula-
tion was observed on thymocytes (Fig. 3A, Table 2) and on
peripheral CD4+ T cells (Fig. 3B, Table 3). Although this
downregulation did not reach statistical significance, it was
easily noticeable in many Tg mice.
These results indicated that the RD35/36AA, and to a
larger extent the D174K mutations of HIV-1 Nef abrogate
downregulation of murine CD4 as efficiently as that of human
CD4.
Fig. 2. Absence or less severe AIDS-like disease in respectively CD4C/HIV-NefRD35/36AA and CD4C/HIV-NefD174K Tg mice. (A) Survival of CD4C/HIV-NefMut Tg
and their littermate controls. The cumulative incidences of mortality were plotted as percentage of surviving mice. NefWt represents the CD4C/HIVMutG (F27367) Tg
mice used as positive controls. (B) Histopathology observed onH&E-stained paraffin sections of organs fromTgmice expressingNefRD35/36AA (F62328) andNefD174K
(F61270) or NefWt. (a) Non-Tg LN; (b) Follicular hyperplasia in CD4C/HIV-NefRD35/36AATg mice; (c) Kidney shows no pathology in CD4C/HIV-NefRD35/36AATg
mice; (e) Lymphocytic interstitial pneumonitis in CD4C/HIV-NefD174K Tg mice, as compared with the non-Tg normal lung (d); (f) Atrophic LN in CD4C/HIV-
NefD174K Tg mice; (g) Kidney disease in CD4C/HIV-NefD174K Tg mice showing FSGS and tubular changes. For comparison, lymphocytic interstitial pneumonitis (h),
atrophic LN (i) and kidney disease (FSGS and tubular changes) (j) in CD4C/HIV-NefWt Tg mice are shown. Magnification: a, b, f, i: 2.5; d, e, h: 20; c, g, j: 40.
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Table 1
Summary of the phenotypes observed in CD4C/HIVNef mutants Tg mice
Nef mutation Nef expression Non-lymphoid organ diseasea CD4 downregulation (%)b CD4+ T cell depletion (%)b
LIP Nephropathy Thy LN Thy LN
WT 1 0.68 0.67 68 61 83 71
RD35/36AA 1 NDc ND 22 21 0 35
D174K 5 0.25 0.87 0 12 20 49
a A mean score was calculated for all mice of the group, as described in Materials and methods.
b Percentage was calculated relative to non-Tg control mice. The data shown are for the founder lines expressing the highest levels of the Nef mutants (NefRD35/36AA,
F62328; NefD174K, F61270).
c ND, no disease.
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largely prevented in CD4C/HIV-Nef RD35/36AA and
CD4C/HIV-Nef D174K Tg mice
To further characterize the status of various lymphocyte
populations, cells from lymphoid organs (thymus, spleen, LN)
of Nef mutant Tg mice and of their control non-Tg littermates
were stained with fluorescently labeled antibodies specific for
different T- (CD4, CD8, Thy-1, TcRah), B- (B220) lymphocyte
and macrophage (Mac-1) cell surface markers and analyzed by
flow cytometry. This analysis showed that the total number of
thymocytes (Table 4) as well as the major thymocyte sub-
populations (double-positive CD4+CD8+ and single-positive
CD4+CD8, CD4CD8+ T cells; Fig. 3A, Table 2) from
NefRD35/36AA and NefD174K Tg mice were comparable to that
of their non-Tg littermates. Similarly, the total cell numbers in
peripheral organs did not vary significantly between Tg and non-
Tgmice (Table 4). However, in NefRD35/36AATgmice, there was
amoderate but significant depletion of mature CD4+ Tcells from
the peripheral organs (Table 3). Such depletion of peripheral
CD4+ Tcells was not observed in two founder lines of NefD174K
Tgmice (F81526, F81527), but could be documented in Tgmice
from the highest expresser line (F61270). The depletion of CD4+
T cells resulted in an alteration of CD4/CD8 cell ratio (Fig. 3B,
Table 3). This CD4+ T cell depletion was stable during the life
span of the animals and did not increase with time. No change
relative to control non-Tg mice was observed with the other T
cell markers (Thy1.2, TcRah) tested in NefRD35/36AA and
NefD174K Tg mice. Also, the percentages of B cells and
macrophages were similar in both groups (Table 3).
These results indicated that the RD35/36 and D174 residues
of Nef are critical for mediating the depletion of thymocytes
and important for inducing a substantial loss of peripheral
CD4+ T cells in vivo in Tg mice.
The Nef-mediated enhanced activated/memory-like phenotype
of Tg CD4+ T cells is retained in Nef RD35/36AA and Nef D174K
mutants
We previously reported that the peripheral CD4+ T cells
from NefWt-expressing CD4C/HIV Tg mice have an activated/
memory-like phenotype, expressing CD69 and CD25 cell
surface markers and being CD44High, CD45RBLow and
CD62LLow (Weng et al., 2004). To determine whether a similar
phenotype was retained in NefRD35/36AA or NefD174K-expres-sing Tg CD4+ T cells, a FACS analysis was performed to assess
these cell surface markers. As shown (Fig. 4), CD4+ T cells
from CD4C/HIV-NefRD35/36AA Tg mice showed an activated
phenotype, although less pronounced than that induced by
NefWt. Similarly, CD4+ T cells from CD4C/HIV-NefD174K Tg
mice expressed lower levels of CD45RB and CD62L cell
surface markers, associated with an activated/memory pheno-
type. However, other markers of activation (CD69, CD25 and
CD44) were expressed on NefD174K Tg CD4+ T cells at levels
comparable to that on non-Tg CD4+ T cells. These results
indicate that the RD35/36AA and D174A mutations of Nef
have retained this function of NefWt in vivo: its capacity to
activate peripheral CD4+ T cells.
The Nef-mediated reduction of in vitro CD4+ Tcell proliferation
is retained by the Nef RD35/36AA and Nef D174K mutants
We have previously reported that peripheral CD4+ T cells
from NefWt-expressing CD4C/HIV Tg mice show a reduced
cell division in vitro upon stimulation with anti-CD3 + anti-
CD28 or anti-CD3 + IL-2 (Weng et al., 2004). To examine the
proliferative capacity of NefRD35/36AA or NefD174K-expressing
Tg CD4+ T cells in vitro, peripheral LN cells were labeled
with CFSE and FACS profiles were obtained by gating on the
CD4+ T cell population. This analysis showed that upon in
vitro stimulation with anti-CD3 mAb, the majority (60%) of
non-Tg CD4+ divided five to six times (M5 + M6), while a
lower proportion (30%) of Nef RD35/36AA and NefD174K-
expressing Tg CD4+ T cells achieved such divisions (Fig. 5).
In addition, a higher proportion of NefRD35/36AA and NefD174K
(16%) -expressing Tg CD4+ T cells did not divide at all or
underwent only one division (M1 + M2), as compared to non-
Tg CD4+ T cells (8%). Although less severe, this impaired
proliferation resembles that obtained with NefWt-expressing
CD4+ T cells, as also documented previously (Weng et al.,
2004). These results indicate that these two mutations fail to
completely abrogate the capacity of Nef to decrease CD4+ T
cell division after in vitro stimulation, thus segregating this
function from that of CD4 downregulation which is impaired.
The Nef-mediated enhanced apoptosis of CD4+ T cells is
abrogated by the RD35/36 and D174K mutations
Our previous analysis has shown that NefWt-expressing
CD4+ T cells from CD4C/HIV Tg mice exhibit enhanced
Fig. 3. Immunophenotypic analysis of thymic and peripheral T lymphocytes from CD4C/HIV-NefRD35/36AA and CD4C/HIV-NefD174K Tg mice. Thymic (A) and
mesenteric LN (B) cells from a representative CD4C/HIV-NefRD35/36AA (F62328) and CD4C/HIV-NefD174K (F61270) Tg mouse and non-Tg littermate were
analyzed by flow cytometry for the expression of CD4, CD8, TcRah and Thy1.2. The percentage of cells found in each quadrant is indicated. A dotted line was
drawn across to visualize the downregulation of the CD4 cell surface expression.
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Table 2
Analysis of thymic cell surface markers in CD4C/Nefmut Tg mice
Mouse linea Cell number in different subpopulations (106) CD4/CD8 ratio Mean fluorescence (%)b
Thy 1.2 CD4+CD8+ CD4+CD8 CD4CD8+ TcR CD4 CD8
CD4C/NefWt 19.3 T 4.2c 16.9 T 4.4c 1.5 T 0.6c 1.6 T 1.2c 2.6 T 1.7c 0.9 T 0.1c 31.9 T 10.5c 41.1 T 8.9c
CD4C/NefD174K
Non-Tgd 109.8 T 18.6 100 T 17.0 10.0 T 2.3 3.4 T 1.6 14.6 T 2.9 4.3 T 2.4 100 100
F61270 91.7 T 17.2 79.5 T 15.0 9.8 T 1.4 2.1 T 0.3 13.7 T 3.4 3.6 T 1.2 100.1 T 8.1 99.1 T 7.3
F81526 92.6 T 18.9 81.5 T 18.0 8.4 T 1.0 1.9 T 0.3 11.6 T 1.5 3.7 T 1.1 103.0 T 16.0 100.0 T 9.6
F81527 87.1 T 14.8 77.0 T 13.5 7.4 T 1.2 2.1 T 0.2 11.5 T 1.6 3.6 T 1.0 103.0 T 9.7 99.9 T 7.8
CD4C/NefRD35AA
Non-Tgd 82.1 T 11.7 75.4 T 11.0 7.2 T 0.9 1.9 T 0.3 10.8 T 0.9 3.1 T 0.9 100 100
F62327 77.8 T 3.9 68.3 T 4.5 7.2 T 0.7 2.2 T 0.3 11.3 T 0.7 2.8 T 0.8 77.6 T 13.5 99.5 T 19.4
F62328 96.4 T 12.2 84.9 T 11.8 11.5 T 4.2 2.4 T 0.3 14.9 T 1.6 2.3 T 1.0 81.8 T 17.4 93.0 T 28.0
a FACS analysis was performed on at least nine mice (3–9 month-old) for each Tg line. The positive control CD4C/HIVMutG (NefWt) Tg mice were 3–6-month-old.
b The mean fluorescence intensity for CD8 and CD4 was obtained by calculating the ratio of CD4 or CD8 staining in Tg thymuses relative to that of non-Tg
thymuses (100%). Mean values were then calculated with the values for each line.
c P < 0.05 by using Student’s t test.
d The non-Tg control values were obtained by pooling the results of all non-Tg littermates from different lines.
Z. Hanna et al. / Virology 346 (2006) 40–52 47apoptosis/cell death (Priceputu et al., 2005). A similar FACS
analysis of LN CD4+ T cells ex vivo, with 7-AAD staining,
revealed no difference in apoptosis/death of NefRD35/36AA or
NefD174K-expressing CD4+ T cells relative to non-Tg CD4+ T
cells (data not shown). It thus appears that both mutations
significantly affect this Nef function.
Discussion
Nef is a key factor of both HIV and SIV pathogenesis
(reviewed in Fackler and Baur, 2002; Skowronski et al., 1999;
Wei et al., 2003). Although many in vitro functions have been
described for Nef, it has been difficult to determine which of
these functions contribute to its in vivo pathogenicity (Wei et
al., 2003). In the present work, we used the CD4C/HIV Tg
mouse model, in which the development of an AIDS-like
disease is largely dependent on the expression of Nef and
independent of virus replication, to study Nef functions. The in
vivo pathogenicity and the impact of two mutants of Nef
(NefRD35/36AA and NefD174K) on several parameters of theTable 3
Analysis of cell surface markers from splenocytes of CD4C/Nefmut Tg mice
Mouse linea Cell number in different cell populations (106)
Thy 1.2 CD4+ CD8+ B220
CD4C/NefWt 17.1 T 4.1c 9.1 T 1.7c 5.3 T 1.2c 39.3 T 8.5
CD4C/NefD174K
Non-Tgd 27.8 T 4.0 17.2 T 2.1 9.5 T 1.4 60.8 T 13.5
F61270 19.2 T 4.3 9.4 T 2.2c 7.6 T 2.0 77.8 T 25.2
F81526 24.4 T 4.1 14.8 T 2.9 8.5 T 1.6 56.4 T 17.7
F81527 23.3 T 6.6 14.2 T 3.6 8.7 T 2.9 51.6 T 18.5
CD4C/NefRD35AA
Non-Tgd 24.2 T 9.6 18.5 T 6.4 7.1 T 2.1 55.7 T 35.7
F62327 22.4 T 8.6 13.3 T 5.7c 8.8 T 2.8 54.1 T 20.5
F62328 22.8 T 10.4 12.0 T 6.7c 10.3 T 4.4 51.7 T 38.1
a FACS analysis was performed on at least nine mice (3–9 month-old) for each
b The mean fluorescence for CD8 and CD4 were obtained by calculating the ratio o
(100%). Mean values were then calculated with the values for each line.
c P < 0.05 by using Student’s t test.
d The non-Tg control values were obtained by pooling the results of all non-Tg lAIDS-like disease were assessed in this biological system.
These mutations have previously reported to be defective in
downregulating the human CD4 cell surface molecule (Aiken
et al., 1996; Janvier et al., 2001; Stoddart et al., 2003;
Greenberg et al., 1997; Iafrate et al., 1997; Mangasarian et
al., 1999; Lundquist et al., 2002). We first showed that these
mutations also abrogate the Nef-induced downregulation of the
murine CD4 molecule, indicating that the murine effectors of
this pathway are as sensitive as the human effectors to the
RD35/36AA and D174K mutations. These results extend
previous data (Skowronski et al., 1993; Garcia and Miller,
1991) and suggest that these effectors may be common in these
two species and that the molecular pathways of Nef-induced
downregulation of human and murine CD4 may be conserved.
Second, we found that these mutations had a major negative
impact on the pathogenicity of Nef for T cells. Both mutations
prevented the depletion of double-positive CD4+CD8+ and of
single-positive CD4+ and CD8+ thymocytes almost completely
and reduced the loss of peripheral CD4+ T cells, as compared to
that induced by NefWt. The fact that some loss of peripheralCD4/CD8 ratio Mean fluorescence (%)b
TcR Mac-1 CD4 CD8
15.1 T 4.2c 11.6 T 3.9 1.1 T 0.1c 38.9 T 8.4c 96.1 T 6.8
29.3 T 4.0 6.4 T 3.6 1.8 T 0.2 100 100
22.4 T 4.8 10.8 T 3.1 1.2 T 0.6c 87.9 T 10.8 93.1 T 8.3
25.7 T 5.3 6.6 T 5.1 1.8 T 0.3 96.8 T 4.3 97.8 T 4.7
26.0 T 7.5 10.1 T 6.5 1.8 T 0.4 97.7 T 3.7 98.0 T 5.5
26.7 T 8.9 8.7 T 3.3 2.4 T 1.2 100 100
21.4 T 6.4 10.5 T 4.1 1.2 T 0.4c 78.5 T 8.8 89.5 T 12.2
24.4 T 7.1 10.0 T 3.4 1.2 T 0.7c 81.6 T 12.4 99.4 T 10.1
Tg line.
f CD4 or CD8 staining in Tg splenocytes relative to that of non-Tg splenocytes
ittermates from different lines.
Table 4
Cell number in lymphoid organs of control and CD4C/Nefmut Tg mice
Mouse linea Number of cells (106)/organ
Thymus Spleen Mes. lymph
nodes
CD4C/HIVMutG 20.2 T 8.5b 58.2 T 19.3b 6.9 T 4.1b
CD4C/NefD174K
Non-Tgc 117.2 T 19.1 102.1 T 19.0 22.9 T 11.5
F61270 98.3 T 16.9 107.8 T 31.1 18.8 T 5.1
F81526 94.5 T 18.9 95.4 T 27.1 20.4 T 9.9
F81527 89.9 T 15.1 92.3 T 35.4 21.3 T 5.5
CD4C/NefRD35AA
Non-Tgc 92.1 T 30.1 93.9 T 58.3 24.0 T 9.2
F62327 76.3 T 25.0 94.6 T 44.4 23.4 T 10.0
F62328 98.7 T 36.1 91.1 T 57.2 25.4 T 10.1
a A minimum of nine mice (3–9 month-old) of each founder line were
analyzed.
b P < 0.05 by using Student’s t test.
c The non-Tg control values were obtained by pooling the results of all the
non-Tg littermates from different lines.
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NefD174K Tg mice suggests that the downregulation of the CD4
cell surface molecule is not an absolute requirement for
peripheral CD4+ T cell loss in an in vivo context, and that these
two phenotypes can segregate independently. A similar conclu-
sion was reached previously by us, while studying Tg mice
expressing the NefD25–35 mutant (Hanna et al., 2004). Others
also found that the CD4 downregulation function of HIV-1 Nef
could be dissociated in vitro from its other functions, notably its
viral infectivity enhancing function (Foster et al., 2001;
Goldsmith et al., 1995), its CD3 signaling inhibitory functionFig. 4. Analysis of the activated/memory-like immunophenotype of LN CD4+ T cells
FACS analysis of LN CD4+ T cells. Expression of CD69, CD25, CD44, CD45RB
Isotype control antibodies were used as negative controls. The histogram represents t
cell surface marker. The gate was made on positive CD25, CD44 and CD69 cells an
adjusted to 1 for each experiment. Data pooled from three experiments with non-Tg
CD4C/HIV-NefD174K (n = 9, black bars) (F61270) Tg mice. The data were analyze
0.01, (***) P < 0.001.(Iafrate et al., 1997) and its MHC class I downregulation
function (Foster et al., 2001; Mangasarian et al., 1999; Lock et
al., 1999; Swigut et al., 2000). Moreover, the differential
susceptibility to depletion of thymic and peripheral CD4+ T
cells induced by NefRD35/36AA and NefD174K mutants seen here
and by the NefG2A and NefD25–35 mutants observed before
(Hanna et al., 2004) is likely to be a function of Nef which is
independent of its inability to downregulate CD4, since NefG2A
was quite efficient at downregulating CD4. Interestingly, our
data show that the NefRD35/36AA and NefD174K mutants have
partially retained their ability to activate murine peripheral CD4+
T cells and to decrease their in vitro response upon stimulation
through the TcR. These findings in murine cells extend previous
work in human cells showing that these two Nef mutants had
retained these two functions in Jurkat cells (Iafrate et al., 1997).
These results also suggest that these two latter Nef functions
observed in murine peripheral CD4+ Tcells have little impact on
the number and distribution of thymic T cells which appear
normal in NefRD35/36AA and NefD174K-expressing Tg mice. In
addition, these results suggest that CD4 downregulation is
not necessarily linked in vivo to the Nef-induced activation
phenotype of CD4+ T cells. Therefore, the differential
susceptibility of thymic and peripheral CD4+ T cells to the
NefRD35/36AA and NefD174K-induced depletion is consistent
with the notion that distinct and independent mechanisms
may be involved in the loss of the thymic and peripheral
CD4+ T cell populations, following Nef expression.
The relative resistance of T cells expressing these Nef
mutants to depletion corroborates previous results on the SIV
NefD204R (residue D204 equivalent to residue D174 of HIVNL4-3from CD4C/HIV-NefRD35/36AA and CD4C/HIV-NefD174K Tg mice. Three-color
and CD62L molecules on the surface of CD4+ TcRah+ T cells was measured.
he ratio (Tg/non-Tg) of the percentage of CD4+ T cells expressing the indicated
d on cells expressing low levels of CD62L and CD45RB. Non-Tg values were
(n = 7, white bars) and CD4/HIV-NefRD35/36AA (n = 6, grey bars) (F62328) and
d by the Student’s t test, comparing Tg versus non-Tg. (*) P < 0.05, (**) P <
Fig. 5. Reduced division of CD4+ T cells from CD4C/HIV-NefRD35/36AA and CD4C/HIV-NefD174K Tg mice in response to anti-CD3 stimulation in vitro. Single cell
suspensions were prepared from peripheral LNs and labeled by CFSE. After 3 days of culture with anti-CD3, the cells were harvested and stained with CD4-PE mAb
and 7-AAD to gate on live (7-AAD-negative) cells. Histograms representing the percentages (mean T SEM) of CD4+ T cells in the indicated generations (m) upon in
vitro stimulation for 3 days. Data were pooled from two independent experiments with cells from NefRD35/36AA (n = 6, grey bars) (F62328) and NefD174K (n = 6,
black bars) (F61270) Tg mice, as well as from non-Tg mice (n = 7, white bars). Cells from CD4C/HIVMutG (NefWt, F27367) Tg mice (n = 7, strippled bars) were
used as positive controls for impaired division in vitro. The data were analyzed by the Student’s t test: (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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pathogenic, respectively, in SIV-infected macaques (Iafrate
et al., 2000) and in SCID-hu Thy/Liv mice (Stoddart et
al., 2003), although the low virulence documented in both
models could be accounted for by the reduced viral load. In
addition, other, but not all (Michael et al., 1995) studies have
reported an apparent correlation between CD4 downregulation
and T cell loss in SIV-infected macaques or HIV-infected
individuals. Pathogenic SIV variants from late infection
showing enhanced infectivity were more effective at down-
regulating CD4 than those obtained during early infection
(Patel et al., 2002). Nef alleles from LTNP or asymptomatic/
slow progressers HIV-infected individuals were also found to
have a decreased ability to downregulate CD4 as compared to
those from progressors (Glushakova et al., 2001; Tobiume et
al., 2002; Carl et al., 2001; Arganaraz et al., 2003; Casartelli et
al., 2003; Mariani et al., 1996). Much of these effects could
be correlated with a lower ability of the alleles showing
poor CD4 downregulation to stimulate virus production.
However, in all these studies, the effect of the mutation on
virus replication itself could not be distinguished from its
role in T cell homeostasis and metabolism. The Tg approach
used here have extended these results and provided a tool to
determine that these two mutations can abrogate the Nef-
induced loss of both thymic and, to a large extent,
peripheral CD4+ T cells, independently of their other effects
on virus replication.Finally, our data show differential outcome of the Nef
mutations on the multiple organ pathologies, which normally
develop in the CD4C/HIV Tg mice expressing NefWt. We found
that NefRD35/36AA-expressing Tgmice did not develop such organ
diseases, a result similar to that obtained previously with the
NefD25–35-expressing Tg mice (absence of downregulation of
CD4 and no organ disease) (Hanna et al., 2004). In contrast, the
NefD174K Tg mice developed organ diseases, although milder
than that induced by NefWt, especially when levels of expression
are taken into account. Indeed, Tg mice (F81527) expressing
NefD174K only slightly less (0.5-fold) relative to NefWT (F27367)
did not show any sign of disease. We reported previously that Tg
mice expressing similar low levels of NefWt (F27372, F27011)
developed a typical AIDS-like disease (Hanna et al., 1998b).
Also, Tg mice (F61270) expressing NefD174K at much higher
levels (5) than NefWT (F27367) showed typical pathological
changes observed in NefWt Tg mice, but survived much longer.
We showed before that such high levels ofNefWTexpression inTg
mice led to death very early in life (within one month) (Hanna et
al., 1998b). These combined results indicate that the CD4
downregulation itself is not linked to the development of the
organ diseases and that these two phenotypes can segregate
independently. Such a segregation was somewhat anticipated,
since we previously showed that the development of organ
diseases is independent of the T cell loss (Hanna et al., 2004) and
can occur in the absence of CD4+ Tcells (on which CD4 downre-
gulation occurs) inCD4-deficientNefWtTgmice (Weng et al., 2004).
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[NefD174K, NefRD35/36AA (this study), NefD25–35 and NefD57–
66 (Hanna et al., 2004)] mutated in different motifs, which have
lost the ability to downregulate CD4 completely or very
significantly. In all these mutant Tg lines, absence of CD4
downregulation was associated with attenuated organ disease
known to occur independently of the presence of CD4+ T cells
(Weng et al., 2004). This strongly suggests that these mutations
affect other functions of Nef independently of the CD4
downregulation itself. These in vivo findings contrast with
other in vitro studies showing that the NefRD35/36AA and
NefD174K mutants only impaired the ability of Nef to down-
regulate CD4 without affecting other Nef functions (Manga-
sarian et al., 1999; Stoddart et al., 2003; Lundquist et al., 2002;
Aiken et al., 1996; Iafrate et al., 1997). These in vivo studies
have revealed additional functions of Nef that affect its
pathogenesis, and that were not predicted by in vitro work.
Therefore, in a clinical setting, the lower ability of Nef to
downregulate CD4 observed in LTNP and in asymptomatic/
slow progressers HIV-1 or SIV-infected carriers (Tobiume et
al., 2002; Patel et al., 2002; Arganaraz et al., 2003; Carl et al.,
2001; Casartelli et al., 2003; Mariani et al., 1996) may
represent a surrogate marker, not only associated with poor
virus production and infectivity, as extensively documented
(Cortes et al., 2002; Ross et al., 1999; Lama et al., 1999;
Lundquist et al., 2002; Glushakova et al., 2001; Tanaka et al.,
2003; Arganaraz et al., 2003), but also apparently reflecting a
poor intrinsic pathogenicity of the Nef molecule, independently
of its effect on virus replication. If the data presented here in Tg
mice reflect the behavior of this molecule in HIV-infected
individuals, the loss of CD4 downregulation reported in LTNP
or in asymptomatic/slow progresser HIV-infected carriers may
indicate the presence of Nef variants defective in not only CD4
downregulation, but also in other important functions involved




The CD4C/HIVMuG transgene used in these experiments has
been described previously (Hanna et al., 1998b). These Tg
mice harbor a complete HIV-1NL4-3 genome in which all the
known open reading frames (ORF), except that of Nef, have
been interrupted by mutations. Only the wild-type Nef protein
(NefWt) is expressed in these Tg mice. The CD4C/HIV-
NefRD35/36AA and CD4C/HIV-NefD174K were generated as
previously described (Hanna et al., 1998a, 1998b). The
arginine/aspartic acid residues at position 35/36 and the
aspartic acid at position 174 of the HIV-1NL4-3 Nef protein
were mutated to AA35/36 and K174, respectively. These
mutations were produced using PCR site-directed mutagenesis
on a SacI–BamHI HIV-1 fragment subcloned in the pBS KS
vector as described previously (Hanna et al., 2001b, 2004)
using mutational primers # 625 (CTAGGGCTGCAGA-
TACTGCTCC) containing GCTGC replacing TCTGG at nts8889–8893, to produce the NefRD35/36AA mutation and primer
#610 (CTCAGGGTCCTTCATTCCATG), containing CTT,
replacing ATC at nts 9306–9308, to produce the NefD174K
mutation. Mutations were then confirmed by sequencing and
the SacI–BamHI fragment was ligated with the transgene
CD4C/HIVMutG backbone, thus replacing NefWt (Fig. 1). Each
linearized transgene was purified and injected into 1-day-old
(C57BL/6 X C3H)F2 embryos to generate Tg mice as
described (Hanna et al., 1998a, 1998b, 2001b, 2004). The Tg
lines were maintained by breeding on the C3H background.
Transgene expression
The levels of transgene expression were measured by
Northern and Western blot analysis, as previously described
(Hanna et al., 1998a, 1998b, 2001b, 2004). Production of
rabbit anti-Nef antibodies was described previously (Hanna et
al., 2001b). Mice expressing mutant Nef at an equal or higher
level than that of NefWt were kept and bred for further analysis,
while those founders expressing Nef at lower levels were
discarded. In addition, evaluation of transgene expression in
peripheral organs was carried out by RT-PCR on RNA isolated
from sorted CD4+ T cells. Primers used for detecting HIV
transcripts were oligos #77 (CCCCACTGGGCTCCTGGTTG-
CAGC), located in exon 1 of the human CD4 gene and oligo
#988 (CAGTCGCCGCCCCTCGCCTCTT), specific for the
HIV genome, respectively. Expression of HPRTwas used as an
internal control using primers # 1227 and 1228 (GTTGGATA-
CAGGCCAGACTTTGTTG) and (GATTCA ACTTGCGCT-
CATCTTAGGC), respectively.
Histological analysis
Histological assessment on lymphoid and nonlymphoid
organs was carried out essentially as previously described
(Hanna et al., 1998a, 1998b). Semiquantitative analysis was
performed on lungs and kidney sections using a scale from 1 to
4. The criteria for lung disease (lymphocytic and monocyte
infiltration in the interstitium) were the following. The score 1
was given to lung showing 1 to 2 patched areas (field at 20),
with or without infiltration around bronchioles or vessels; 2, for
>3 patches to 50% of surface area involved; 3, for >50%
surface area involved; 4, for uniform infiltration or consolida-
tion in whole surface area. The criteria for nephropathy (FSGS
and tubolo-interstitial nephritis with microcystic dilation) were
the following. The score 1 was given to diseased kidney with
1–5 glomeruli affected with their tubules; 2, for 10–50%
surface area affected; 3, for >50% surface area affected and 4,
for almost all nephrons affected.
The individual scores were added up and divided by total
number of mice analyzed to obtain the average score.
Flow cytometry analysis
Flow cytometry was performed on a FACScan and FACS
Calibur (Becton Dickinson, San Jose, CA), using antibodies
against various cell surface markers: CD4, CD8, TcRah and
Z. Hanna et al. / Virology 346 (2006) 40–52 51Thy1.2 for T cells and B220, Mac-1 for B cells and
macrophages, respectively, as described previously (Hanna et
al., 1998a, 1998b; Weng et al., 2004). Also, staining of CD25,
CD44, CD69, CD45RB and CD62L was used to measure
activation markers.
CFSE fluorescent dye cell labeling
CFSE (5- and 6-Carboxyfluorescein Diacetate Succinimidyl
Ester) (Molecular Probes Inc; Eugene, Oregon) labeling was
performed as previously described (Hanna et al., 2004; Weng et
al., 2004), on total LN cells.
Statistics
Statistical analyses (ANOVA, Sigmastat and Student’s t test)
were performed as previously described (Weng et al., 2004;
Hanna et al., 2001b).
Acknowledgments
This work was supported by grants from the Canadian
Institutes of Health Research (CIHR), HIV/AIDS Research
Program to P.J. and Z.H. We thank Pascale Jover, Vale´rie Coˆte´,
Ginette Masse´, Karina Lamarre, Benoit Laganie`re and Patrick
Couture for their excellent technical assistance. We thank Mir
Munir Rahim for performing RT-PCR analysis on sorted CD4+
T cells. We are grateful to Rita Gingras for typing the
manuscript. We thank Quinzhang Zhu and Michel Robillard
of the Transgenic Core Facility for producing the Tg mice.
References
Aiken, C., Konner, J., Landau, N.R., Lenburg, M.E., Trono, D., 1994. Nef
induces CD4 endocytosis: requirement for a critical dileucine motif in the
membrane-proximal CD4 cytoplasmic domain. Cell 76, 853–864.
Aiken, C., Krause, L., Chen, Y.L., Trono, D., 1996. Mutational analysis of HIV-
1 Nef: identification of two mutants that are temperature-sensitive for CD4
downregulation. Virology 217, 293–300.
Alexander, M., Bor, Y.C., Ravichandran, K.S., Hammarskjold, M.L., Rekosh,
D., 2004. Human immunodeficiency virus type 1 Nef associates with lipid
rafts to downmodulate cell surface CD4 and class I major histocompat-
ibility complex expression and to increase viral infectivity. J. Virol. 78,
1685–1696.
Anderson, S., Shugars, D.C., Swanstrom, R., Garcia, J.V., 1993. Nef from
primary isolates of human immunodeficiency virus type 1 suppresses surface
CD4 expression in human and mouse T cells. J. Virol. 67, 4923–4931.
Anderson, S.J., Lenburg, M., Landau, N.R., Garcia, J.V., 1994. The
cytoplasmic domain of CD4 is sufficient for its down- regulation from the
cell surface by human immunodeficiency virus type 1 Nef [published
erratum appears in J Virol 1994 Jul; 68(7): 4705]. J. Virol. 68, 3092–3101.
Arganaraz, E.R., Schindler, M., Kirchhoff, F., Cortes, M.J., Lama, J., 2003.
Enhanced CD4 down-modulation by late stage HIV-1 nef alleles is
associated with increased Env incorporation and viral replication. J. Biol.
Chem. (Baltimore) 278, 33912–33919.
Bour, S., Perrin, C., Strebel, K., 1999. Cell surface CD4 inhibits HIV-1 particle
release by interfering with Vpu activity. J. Biol. Chem. 274, 33800–33806.
Brady, H.J., Pennington, D.J., Miles, C.G., Dzierzak, E.A., 1993. CD4 cell
surface downregulation in HIV-1 Nef transgenic mice is a consequence of
intracellular sequestration. EMBO J. 12, 4923–4932.
Carl, S., Greenough, T.C., Krumbiegel, M., Greenberg, M., Skowronski, J.,Sullivan, J.L., Kirchhoff, F., 2001. Modulation of different human
immunodeficiency virus type 1 Nef functions during progression to AIDS.
J. Virol. 75, 3657–3665.
Casartelli, N., Di Matteo, G., Potesta, M., Rossi, P., Doria, M., 2003. CD4 and
major histocompatibility complex class I downregulation by the human
immunodeficiency virus type 1 nef protein in pediatric AIDS progression.
J. Virol. 77, 11536–11545.
Chen, B.K., Gandhi, R.T., Baltimore, D., 1996. CD4 down-modulation during
infection of human T cells with human immunodeficiency virus type 1 in-
volves independent activities of vpu, env, and nef. J. Virol. 70, 6044–6053.
Cortes, M.J., Wong-Staal, F., Lama, J., 2002. Cell surface CD4 interferes with
the infectivity of HIV-1 particles released from T cells. J. Biol. Chem. 277,
1770–1779.
Craig, H.M., Pandori, M.W., Guatelli, J.C., 1998. Interaction of HIV-1 Nef with
the cellular dileucine-based sorting pathway is required for CD4 down-
regulation and optimal viral infectivity. Proc. Natl. Acad. Sci. U.S.A. 95,
11229–11234.
Cullen, B.R., 1994. The role of Nef in the replication cycle of the human and
simian immunodeficiency viruses. Virology 205, 1–6.
Fackler, O.T., Baur, A.S., 2002. Live and let die: Nef functions beyond HIV
replication. Immunity 16, 493–497.
Foster, J.L., Molina, R.P., Luo, T., Arora, V.K., Huang, Y., Ho, D.D., Garcia,
J.V., 2001. Genetic and functional diversity of human immunodeficiency
virus type 1 subtype B Nef primary isolates. J. Virol. 75, 1672–1680.
Foti, M., Mangasarian, A., Piguet, V., Lew, D.P., Krause, K.H., Trono, D.,
Carpentier, J.L., 1997. Nef-mediated clathrin-coated pit formation. J. Cell.
Biol. 139, 37–47.
Frank, G.D., Parnes, J.R., 1998. The level of CD4 surface protein influences T
cell selection in the thymus. J. Immunol. 160, 634–642.
Garcia, J.V., Miller, A.D., 1991. Serine phosphorylation-independent down-
regulation of cell-surface CD4 by nef. Nature 350, 508–511.
Glushakova, S., Munch, J., Carl, S., Greenough, T.C., Sullivan, J.L., Margolis,
L., Kirchhoff, F., 2001. CD4 down-modulation by human immunodefi-
ciency virus type 1 Nef correlates with the efficiency of viral replication and
with CD4(+) T-cell depletion in human lymphoid tissue ex vivo. J. Virol.
75, 10113–10117.
Goldsmith, M.A., Warmerdam, M.T., Atchison, R.E., Miller, M.D., Greene,
W.C., 1995. Dissociation of the CD4 downregulation and viral infec-
tivity enhancement functions of human immunodeficiency virus type 1
Nef. J. Virol. 69, 4112–4121.
Greenberg, M.E., Bronson, S., Lock, M., Neumann, M., Pavlakis, G.N.,
Skowronski, J., 1997. Co-localization of HIV-1 Nef with the AP-2 adaptor
protein complex correlates with Nef-induced CD4 down-regulation. EMBO
J. 16, 6964–6976.
Guatelli, J.C., 1997. The positive influence of Nef on viral infectivity. Res.
Virol. 148, 34–37.
Guy, B., Kieny,M.P., Riviere, Y., Le Peuch, C., Dott, K., Girard,M.,Montagnier,
L., Lecocq, J.P., 1987. HIV F/3V orf encodes a phosphorylated GTP-binding
protein resembling an oncogene product. Nature 330, 266–269.
Hanna, Z., Simard, C., Jolicoeur, P., 1994. Specific expression of the human
CD4 gene in mature CD4+CD8 and immature CD4+CD8+T cells, and
in macrophages of transgenic mice. Mol. Cell. Biol. (Washington) 14,
1084–1094.
Hanna, Z., Kay, D.G., Rebai, N., Guimond, A., Jothy, S., Jolicoeur, P., 1998a.
Nef harbors a major determinant of pathogenicity for an AIDS-like disease
induced by HIV-1 in transgenic mice. Cell 95, 163–175.
Hanna, Z., Kay, D.G., Cool, M., Jothy, S., Rebai, N., Jolicoeur, P., 1998b.
Transgenic mice expressing human immunodeficiency virus type 1 in
immune cells develop a severe AIDS-like disease. J. Virol. 72, 121–132.
Hanna, Z., Rebai, N., Poudrier, J., Jolicoeur, P., 2001a. Distinct regulatory
elements are required for faithful expression of human CD4 in T-cells,
macrophages and dendritic cells of transgenic mice. Blood 98, 2275–2278.
Hanna, Z., Weng, X., Kay, D.G., Poudrier, J., Lowell, C., Jolicoeur, P., 2001b.
The pathogenicity of human immunodeficiency virus (HIV) Type 1 nef in
CD4C/HIV transgenic mice is abolished by mutation of its SH3-binding
domain, and disease development is delayed in the absence of Hck. J. Virol.
75, 9378–9392.
Hanna, Z., Priceputu, E., Kay, D.G., Poudrier, J., Chrobak, P., Jolicoeur, P.,
Z. Hanna et al. / Virology 346 (2006) 40–52522004. In vivo mutational analysis of the N-terminal region of HIV-1 Nef
reveals critical motifs for the development of an AIDS-like disease in
CD4C/HIV transgenic mice. Virology 327, 273–286.
Harris, M., 1999. HIV: a new role for Nef in the spread of HIV. Curr. Biol. 9,
R459–R461.
Hua, J., Cullen, B.R., 1997. Human immunodeficiency virus types 1 and 2 and
simian immunodeficiency virus Nef use distinct but overlapping target sites
for downregulation of cell surface CD4. J. Virol. 71, 6742–6748.
Hua, J., Blair, W., Truant, R., Cullen, B.R., 1997. Identification of regions in
HIV-1 Nef required for efficient downregulation of cell surface CD4.
Virology 231, 231–238.
Iafrate, A.J., Bronson, S., Skowronski, J., 1997. Separable functions of Nef
disrupt two aspects of T cell receptor machinery: CD4 expression and CD3
signaling. EMBO J. 16, 673–684.
Iafrate, A.J., Carl, S., Bronson, S., Stahl-Hennig, C., Swigut, T., Skowronski, J.,
Kirchhoff, F., 2000. Disrupting surfaces of nef required for downregulation
of CD4 and for enhancement of virion infectivity attenuates simian
immunodeficiency virus replication in vivo. J. Virol. 74, 9836–9844.
Janvier, K., Craig, H., Le Gall, S., Benarous, R., Guatelli, J., Schwartz, O.,
Benichou, S., 2001. Nef-induced CD4 downregulation: a diacidic sequence
in human immunodeficiency virus type 1 Nef does not function as a protein
sorting motif through direct binding to beta-COP. J. Virol. 75, 3971–3976.
Kay, D.G., Yue, P., Hanna, Z., Jothy, S., Tremblay, E., Jolicoeur, P., 2002.
Cardiac disease in transgenic mice expressing human immunodeficiency
Virus-1 nef in cells of the immune system. Am. J. Pathol. 161, 321–335.
Lama, J., 2003. The physiological relevance of CD4 receptor down-modulation
during HIV infection. Curr. HIV Res. 1, 167–184.
Lama, J., Mangasarian, A., Trono, D., 1999. Cell-surface expression of CD4
reduces HIV-1 infectivity by blocking Env incorporation in a Nef- and Vpu-
inhibitable manner. Curr. Biol. 9, 622–631.
Lindemann, D., Wilhelm, R., Renard, P., Althage, A., Zinkernagel, R., Mous, J.,
1994. Severe immunodeficiency associated with a human immunodeficiency
virus 1 NEF/3V-long terminal repeat transgene. J. Exp. Med. 179, 797–807.
Lock, M., Greenberg, M.E., Iafrate, A.J., Swigut, T., Muench, J., Kirchhoff, F.,
Shohdy, N., Skowronski, J., 1999. Two elements target SIV Nef to the AP-2
clathrin adaptor complex, but only one is required for the induction of CD4
endocytosis. EMBO J. 18, 2722–2733.
Lu, X., Yu, H., Liu, S.H., Brodsky, F.M., Peterlin, B.M., 1998. Interactions
between HIV1 Nef and vacuolar ATPase facilitate the internalization of
CD4. Immunity 8, 647–656.
Lundquist, C.A., Tobiume, M., Zhou, J., Unutmaz, D., Aiken, C., 2002. Nef-
mediated downregulation of CD4 enhances human immunodeficiency virus
type 1 replication in primary T lymphocytes. J. Virol. 76, 4625–4633.
Lundquist, C.A., Zhou, J., Aiken, C., 2004. Nef stimulates human immunode-
ficiency virus type 1 replication in primary T cells by enhancing virion-
associated gp120 levels: coreceptor-dependent requirement for Nef in viral
replication. J. Virol. 78, 6287–6296.
Mangasarian, A., Piguet, V., Wang, J.K., Chen, Y.L., Trono, D., 1999. Nef-
induced CD4 and major histocompatibility complex class I (MHC-I) down-
regulation are governed by distinct determinants: N-terminal alpha helix
and proline repeat of Nef selectively regulate MHC-I trafficking. J. Virol.
73, 1964–1973.
Mariani, R., Skowronski, J., 1993. CD4 down-regulation by nef alleles isolated
from human immunodeficiency virus type 1-infected individuals. Proc.
Natl. Acad. Sci. U.S.A. 90, 5549–5553.
Mariani, R., Kirchhoff, F., Greenough, T.C., Sullivan, J.L., Desrosiers, R.C.,
Skowronski, J., 1996. High frequency of defective nef alleles in a long-term
survivor with nonprogressive human immunodeficiency virus type 1
infection. J. Virol. 70, 7752–7764.Michael, N.L., Chang, G., d’Arcy, L.A., Tseng, C.J., Birx, D.L., Sheppard,
H.W., 1995. Functional characterization of human immunodeficiency
virus type 1 nef genes in patients with divergent rates of disease pro-
gression. J. Virol. 69, 6758–6769.
Patel, P.G., Yu Kimata, M.T., Biggins, J.E., Wilson, J.M., Kimata, J.T., 2002.
Highly pathogenic simian immunodeficiency virus mne variants that
emerge during the course of infection evolve enhanced infectivity and the
ability to downregulate CD4 but not class I major histocompatibility
complex antigens. J. Virol. 76, 6425–6434.
Piguet, V., Chen, Y.L., Mangasarian, A., Foti, M., Carpentier, J.L., Trono, D.,
1998. Mechanism of Nef-induced CD4 endocytosis: Nef connects CD4
with the mu chain of adaptor complexes. EMBO J. 17, 2472–2481.
Piguet, V., Schwartz, O., Le Gall, S., Trono, D., 1999. The downregulation of
CD4 and MHC-I by primate lentiviruses: a paradigm for the modulation of
cell surface receptors. Immunol. Rev. 168, 51–63.
Priceputu, E., Rodrigue, I., Chrobak, P., Poudrier, J., Mak, T.W., Hanna, Z., Hu,
C., Kay, D.G., Jolicoeur, P., 2005. The Nef-mediated AIDS-like disease of
CD4C/HIV transgenic mice is associated with increased Fas/FasL expres-
sion on T cells and T cell death, but is not prevented in Fas, FasL, TNFR-1
and ICE deficient nor in Bcl2-expressing transgenic mice. J. Virol. 79,
6377–6391.
Rhee, S., Marsh, J.W., 1994. Human immunodeficiency virus type 1 Nef-
induced down-modulation of CD4 is due to rapid internalization and
degradation of surface CD4. J. Virol. 68, 5156–5163.
Ross, T.M., Oran, A.E., Cullen, B.R., 1999. Inhibition of HIV-1 progeny virion
release by cell-surface CD4 is relieved by expression of the viral Nef
protein. Curr. Biol. 9, 613–621.
Skowronski, J., Parks, D., Mariani, R., 1993. Altered T cell activation and
development in transgenic mice expressing the HIV-1 nef gene. EMBO J.
12, 703–713.
Skowronski, J., Greenberg, M.E., Lock, M., Mariani, R., Salghetti, S., Swigut,
T., Iafrate, A.J., 1999. HIV and SIV Nef modulate signal transduction and
protein sorting in T cells. CSH Symp. Quant. Biol. 64, 453–463.
Stoddart, C.A., Geleziunas, R., Ferrell, S., Linquist-Stepps, V., Moreno, M.E.,
Bare, C., Xu, W., Yonemoto, W., Bresnahan, P.A., McCune, J.M., Greene,
W.C., 2003. Human immunodeficiency virus type 1 Nef-mediated down-
regulation of CD4 correlates with Nef enhancement of viral pathogenesis.
J. Virol. 77, 2124–2133.
Swigut, T., Iafrate, A.J., Muench, J., Kirchhoff, F., Skowronski, J., 2000.
Simian and human immunodeficiency virus Nef proteins use different
surfaces to downregulate class I major histocompatibility complex antigen
expression. J. Virol. 74, 5691–5701.
Tanaka, M., Ueno, T., Nakahara, T., Sasaki, K., Ishimoto, A., Sakai, H., 2003.
Downregulation of CD4 is required for maintenance of viral infectivity of
HIV-1. Virology 311, 316–325.
Tobiume, M., Takahoko, M., Yamada, T., Tatsumi, M., Iwamoto, A., Matsuda,
M., 2002. Inefficient enhancement of viral infectivity and CD4 down-
regulation by human immunodeficiency virus type 1 Nef from Japanese
long-term nonprogressors. J. Virol. 76, 5959–5965.
Wei, B.L., Arora, V.K., Foster, J.L., Sodora, D.L., Garcia, J.V., 2003. In vivo
analysis of Nef function. Curr. HIV Res. 1, 41–50.
Weng, X., Priceputu, E., Chrobak, P., Poudrier, J., Kay, D.G., Hanna, Z., Mak,
T.W., Jolicoeur, P., 2004. CD4 T cells from CD4C/HIV nef transgenic
mice show enhanced activation in vivo with impaired proliferation in vitro,
but are dispensable for the development of a severe AIDS-like organ
disease. J. Virol. 78, 5244–5257.
Zuniga, E.I., McGavern, D.B., Pruneda-Paz, J.L., Teng, C., Oldstone, M.B.,
2004. Bone marrow plasmacytoid dendritic cells can differentiate into
myeloid dendritic cells upon virus infection. Nat. Immunol. 5, 1227–1234.
